FVM Based Study of the Influence of Secondary Adhesion Tool Wear on Surface Roughness of Dry Turned Al-Cu Aerospace Alloy  by García-Jurado, D. et al.
 Procedia Engineering  132 ( 2015 )  600 – 607 
1877-7058 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Scientific Committee of MESIC 2015
doi: 10.1016/j.proeng.2015.12.537 
ScienceDirect
Available online at www.sciencedirect.com
The Manufacturing Engineering Society International Conference, MESIC 2015 
FVM based study of the Influence of Secondary Adhesion Tool 
Wear on Surface Roughness of dry turned Al-Cu aerospace alloy 
D. García-Juradoa,*, J.M. Vazquez-Martineza, A.J. Gámeza, M. Batistaa, F.J. Puertaa,      
M. Marcosa 
aUniversity of Cadiz. Mechanical Eng. and Ind. Design Dept. Faculty of Engineering,  Av. Universidad de Cadiz 10, Puerto Real E11519, Spain 
Abstract 
Transfer of cutting material to cutting tool during machining process of aluminum alloys, is strongly related with the 
secondary/indirect adhesion wear mechanisms in form of Built-Up Layer (BUL) and Built-Up Edge (BUE). BUL and BUE 
formation and their evolution modify the physicochemical and geometry properties of the tool. Much uncertainty still exists 
about the relationship between surface finish and BUL-BUE intensity, mainly due to the difficulty found in characterizing and 
quantifying the material adhered onto the tool. In this paper, tool wear effects in dry turning of aerospace alloy UNS A92024-T3 
(Al-Cu) have been analyzed from two standpoints. First, a metrological methodology based on Focus-Variation Microscopy 
(FVM) is proposed to evaluate the intensity of tool wear in form of BUE. Second, a set of roughness parameters is proposed to 
evaluate the influence of turning parameters in terms of root mean square deviation, skewness and kurtosis of the roughness 
assessed profile. 
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1. Introduction 
Aluminum-copper alloys (Al-Cu) 2XXX series, are used extensively in commercial and military aircraft 
industries, mainly due to the possibility to offer fuel-efficient transportation with cost an environmental efficiencies. 
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These alloys are particularly well-suited in structural areas of fuselage and wings where, good strength to weight 
ratio, stiffness and fatigue performance, are required. Developments in the use of these alloys have been motivated 
by significant advances in knowledge and understanding of the relationship between machining processes, heat 
treatment and physicochemical properties. Therefore, the availability of suitable machining processes has played a 
key role in contributing to aluminum alloys find a specific application within the aerospace industry. Machining of 
aluminum alloys with conventional tools involves overcoming several disadvantages that increase the process 
complexity. Secondary or indirect adhesion wear has been estimated as the main wear mechanism [1-3]. The 
material adhered is transferred by the chip onto the tool surface, modifying the physicochemical and geometry 
properties of the tool. This wear mechanism takes place in different stages: 
x Primary Built-Up Layer (BUL): In the first instants of machining process, a thin layer of material with 
composition close to the pure aluminum is formed onto the rake face by thermo-mechanical process. 
x Built-Up Edge (BUE): Once the primary BUL is formed, the changes on the tool promote material built-up 
located close to the tool edge by adhesion process. 
x Secondary Built-Up Layer (BUL): A secondary BUL is developed through BUE extrusion process by the chip 
over the primary BUL onto the rake face. 
Fig. 1. (a) shows the adhered surface morphology onto the rake face and cutting edge as consequence of the 
evolution of BUL and BUE mechanism formation. BUL and BUE formation is constantly repeated by cyclic, 
dynamic and unstable process. When the material thickness adhered grows up to a critical size, can be removed, 
inducing other types of wear [2-4]. Historically cutting fluids have been used with the purpose to control the tool 
wear intensity. Currently, the use of dry machining process avoiding coolants and lubricants has being 
recommended by international environmental guidelines [5]. 
Secondary adhesion tool wear behavior has strongly influence in surface integrity (SI), particularly in terms of 
surface roughness, and loss of the workpieces quality. Several works can be found relating surface finish in terms of 
arithmetical mean deviation of the roughness assessed profile (Ra), cutting parameters and tool wear effects, in dry 
turning of aeronautical aluminum alloys [2, 6-9]. Thus, despite Ra is one of the most used roughness parameter, not 
enough information is provided for describing the surface quality. However, in the case of aluminum alloys, much 
uncertainty still exist about the relationship between surface finish and BUL-BUE intensity, mainly due to the 
difficulty found in characterizing and quantifying the material adhered onto the tool. 
The present study is focused to evaluate the intensity and evolution of the indirect/secondary adhesion tool wear 
when the Al-Cu alloys are dry turned. Tool wear is analyzed from two different standpoint. First, using high 
resolution three-dimensional models from worn tools obtained by Focus-Variation Microscopy (FVM) techniques, a 
metrological methodology is proposed to evaluate the effects of turning process parameters on the secondary 
adhesion wear in terms of BUE. Second, it is presented a brief approach to characterize and evaluate the surface 
texture in terms of 2D surface roughness. A set of parameters was defined with the aim to evaluate the effects of 
turning parameters and secondary adhesion wear influence. For this purpose, root mean square deviation (Rq), 
skewness (Rsk) and kurtosis (Rku) of the roughness assessed profile have been analyzed. 
2. Experimental procedure 
In order to minimize complexities derivate from piece-tool geometrical features of the process, horizontal turning 
test were carried out. Cylindrical bars of UNS A92024-T3 (Al-Cu) aluminum alloy have been used as workpieces 
material in turning test, using an EmcoTurn 242 CNC lathe. Uncoated tungsten carbide (WC-Co) interchangeable 
insert tool SECO® with ISO DCMT 11T308-F2-HX reference, were used as cutting tools. Short turning test (10 s) 
were carried out under environmental friendly conditions, without lubrication or cooling agent (dry machining).  
After every turning test, tool was changed to ensure the same initial conditions. Cutting parameters were 
established, with cutting speed (v) ranging from 50 to 200 m/min, feed rate (f) from 0,05 up to 0,03 mm/rev and 
cutting depth (d) 1 mm. A general overview to the methodology followed on the experimental procedure is show in 
Fig. 1. (b) In that figure, two different lines of data collection can be observed: roughness analysis of cylindrical bars 
and tool wear. 
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Fig. 1. (a) BUL-BUE effects after dry turning a UNS A92024 sample; (b) Flowchart of the methodology followed in the experimental procedure. 
2.1. Tool wear analysis 
A metrology based methodology has been developed -using optical Focus-Variable Microscopy (FVM) 
technology by Alicona InfiniteFocus IFM G4e- in order to evaluate the secondary adhesion wear in form of BUE 
[10-11]. High resolution three-dimensional models were obtained directly from the flank face on the worn tools. 
Moreover, the 3D models provide information located from the cutting edge and wear in form of BUE (Fig. 2).  
 
 
Fig. 2. Methodology for evaluating the BUE thickness on the cutting edge. 
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Wear analysis has been carried out defining three areas through the cutting edge in different cross sections (hBUE). 
Firstly, in an area where the cutting edge does not show evidence of wear (700 µm length), a line -by recognition 
points- where constructed across the cutting edge. This line was used as a reference to measurement the BUE 
thickness. After that, three consecutive areas of 500 µm length are defined, where the BUE thickness is measure. 
The measurements were performed under 20x magnification, as well as lateral and vertical resolution of 3 µm 
and 1 µm. The measurement range established under the tools was defined by lx=2585 µm (X axis length). 
Nevertheless, ly and lz (Y and Z axis length) is constrained by the wear intensity of BUE. Thus, the measurement is 
composed recording a matrix by 3D singles models (1 row and 4 columns), then merged into on 3D extended 
captures (4 singles captures), reproducing the study area on the cutting edge. 
2.2. Surface roughness evaluation 
Microgeometrical deviations obtained on the cylindrical bars tested have been characterized by two-dimensional 
roughness profile. For each cutting condition four surface roughness measurement were performed of different 
sections along four lines separated π/2 radians. A surface measurement station Mahr Perthometer Concept PGK 120, 
based on tactile stylus method, has been employed. For the assessment of roughness measurement, applicable 
standard have been followed [12-13]. With the purpose to characterize and evaluate the surface texture in terms of 
2D surface roughness, a set of parameters was selected to quantify different characteristics of the surface. 
The amplitude average parameter, root mean square deviation of the roughness assessed profile (Rq), is defined 
as root mean square value of the ordinate values Z(x) within a sampling length (lr) (1).  Furthermore, shape profile 
can be described by its asymmetry, or skewness, and the sharpness of its peaks, and kurtosis. Therefore skewness of 
the assessed profile (Rsk) is defined as quotient of the mean cube value of the ordinate values Z(x) and the cube of 
Rq within a sampling length (2). Rsk is measure of the asymmetry of the probability density function of the ordinate 
values. Kurtosis of the assessed profile (Rku) is defined as quotient of the mean quartic value of the ordinate values 
Z(x) and the fourth power of Rq within a sampling length (3). Thus, these parameters offer information about the 
amplitude distribution curve (ADF) that involves extensive information about the shape of the profile. Gaussian 
(Normal) distribution of surface profile is used as reference, where Rsk takes value of zero and Rku of three [14]. 
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3. Results and discussion 
3.1. Secondary adhesion tool wear analysis 
From the methodology exposed in the experimental procedure, an analysis of the evolution and intensity of the 
secondary adhesion tool wear has been performed. As it was aforementioned, 3D models through the cutting edge 
offer accurate information about the intensity of wear. Therefore, with the aim to quantify the BUE intensity, 
material adhered thickness over the cutting edge (hBUE) is defined (4), Fig. 2.  In every evaluated area (i), the highest 
(h+i) and lowest (h-i) point on the BUE are obtained. 
604   D. García-Jurado et al. /  Procedia Engineering  132 ( 2015 )  600 – 607 
0
50
10
0
15
0
20
0
25
0
0,05 0,1 0,15 0,2 0,25 0,3
B
U
E
 th
ic
kn
es
s 
h B
U
E
(µ
m
)
Feed (f), mm/rev
50 m/min 100 m/min
150 m/min 200 m/min
a)
 ¦
 
  
3
13
1
i
iiBUE hhh    (4) 
A qualitative analysis reveals the presence of material transferred by the chip onto the tool surface, induced by 
the effect of secondary adhesion wear when different turning parameters are applied. This phenomena involves 
changes of the geometrical and physicochemical tool properties, which modify the initial cutting conditions. 
Fig. 3 shows wear evolution in terms of hBUE and the influence of the cutting parameters (v, f, d), based on 
experimental and analytical results. There are noticeable differences on the behavior obtained. The results show that 
an increase of feed involve an increase of adhesion wear intensity when low cutting speed ranging from 50 to 100 
m/min are applied. As a result, tool tested with v=50 m/min and f=0,30 mm/rev, BUE thickness arise up to 
approximately of 224 µm. In the opposite way, when tool tested with low feed and low cutting speed (v=50 m/min, 
f=0,05 mm/rev and v=100 m/min,  f=0,05 mm/rev), BUE thickness on the cutting edge are nearly nonexistent. On 
the other hand, in cutting speed ranges from 150 mm/rev up to 200 mm/rev, regardless of the feed applied a stable 
trend is noticed, Fig. 3 (b). Highest values of BUE thickness are found when low cutting speed and high feed are 
tested. 
 
  
Fig. 3. (a) hBUE as function of feed (f); (b) hBUE as function of cutting speed (v). 
3.2. Microgeometrical analysis 
As it has been aforementioned, the surface quality analysis was performed in terms of different roughness 
parameters, subject to the conditions and cutting parameters (v, f, d). Fig. 4, shows the roughness parameter Rq 
evolution as function of feed and cutting speed.  As a result of a first analysis based on the experimental results, an 
increase of feed also involve a widespread increase of roughness in terms of Rq. However, when the cutting speed 
increase Rq shows slight influence comparing with feed. When opposite feed is analyzed (0,05 and 0,30 mm/rev) 
and the cutting speed increase, a relative low trend to decrease the Rq is shown. As a result, an improvement surface 
roughness is observed. Larger differences can be found when low cutting speed is analyzed. No significant 
differences are found when feed from 0,05 to 0,10 mm/rev are applied independent of the cutting speed analyzed. 
Fig. 5 shows different roughness profiles when v=200 m/min is tested and evidence the strongly influence of the 
feed. Low quality roughness is obtained when v=150 m/min and f=0,10 mm/rev is tested, while the worst Rq is 
obtained with v=50 m/min and f=0,30 mm/rev. 
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It should be noted that comparable results for feed and cutting speed are in good agreement with previous 
research carried out on similar alloys in terms of Ra [6, 9]. This analogy can be explained by the similar physical 
significance between Ra and Rq. Root mean square amplifies occasional high or low deviations, whereas Ra simply 
averages them. Roughness parameter Rq provides useful information about a generalized evolution of the average 
surface roughness influenced by the range of cutting parameters employed. However, this parameter does not offer 
enough information about the profile shape. In this sense a roughness profile can be described by its asymmetry and 
kurtosis. In the Fig. 6, the combination of Rsk and Rku for every turning test conditions are plotted, where Gaussian 
surface is the origin. To observe the variability of the values obtained, standard deviation have been indicated as 
error bars in the graph. Different sectors are defined, where each possible combination of Rsk and Rku are included. 
Theoretical turning surface is characterized by skewness Rsk > 0 and kurtosis Rku < 3 [15]. 
 
  
Fig. 4. (a) Evolution of Rq as function of feed (f); (b) Evolution of Rq as function of cutting speed (v). 
v=200 m/min, f=0,05 mm/rev      Rq= 0,71 µm  Rsk =-0,27  Rku=2,99 v=200 m/min, f=0,10 mm/rev     Rq=0,88 µm  Rsk=0,03  Rku=2,46 
v=200 m/min, f=0,20 mm/rev      Rq=1,78 µm  Rsk=0,40  Rku=2,14 v=200 m/min, f=0,30 mm/rev     Rq=3,96 µm  Rsk=0,63  Rku=2,18 
Fig. 5. Roughness profiles and ADF curve. Turning parameters are indicated. 
606   D. García-Jurado et al. /  Procedia Engineering  132 ( 2015 )  600 – 607 
Based on a first analysis, according to the feeds applied, two main groups of turning test can be distinguished 
with significant differences, Fig. 6. First group involves feed ranging from 0,20 to 0,30 mm/rev that is characterized 
by low ratios of variability and values of Rsk>0/Rku<3 (included inside the sector IV). This results reveals that the 
bulk of material in the surface is below the main line (positive skewed). Thus, the sharpness of the amplitude 
distribution curve of the profile is platykurtic. It means that the profiles have relatively few high peaks and low 
valleys. Both considerations are in good agreement with theoretical turning profiles. Second group is composed by 
turning test with feed ranging from 0,05 to 0,10 mm/rev and is characterized by Rsk and Rku close to Gaussian 
distribution (Rsk=0 and Rku=3). It means that the height deviations of the roughness irregularities along the main 
line are Gauss distributed and there are not evidences of periodicity. Thus, large variability in values obtained 
provokes that the same turning test analyzed, the surface profile shape may be completely different. The results 
suggest that an increase of feed involves an increase of Rsk and decrease of Rku, obtaining roughness profiles with 
ADF nearly to theoretical turning roughness profile shape (Rsk<0 and Rku>3), Fig. 5. On the other hand, cutting 
speed does not reveal a strong influence on the surface obtained when feed is maintained. 
 
 
Fig. 6. Rsk vs. Rku for a range of turning feeds and cutting speed. 
4. Conclusions 
In this paper, an analysis of the influence and evolution of secondary/indirect adhesion tool wear on surface 
roughness of dry turned UNS A92024-T3 aerospace alloy has been made. For this purpose, tool wear and its effects 
were evaluated from two perspectives: cutting tool and surface roughness analysis. 
To evaluate the secondary adhesion wear observed on the tool tested, a metrological methodology based on 
Focus-Variation Microscopy (FVM) techniques was designed and developed. The high resolution three-dimensional 
measurement obtained has been allowed to characterize and quantify the secondary adhesion wear in terms of built-
up edge. To evaluate the intensity of wear located in terms of BUE, material adhered thickness over the cutting edge 
parameter (hBUE) was defined. The methodology followed to evaluate the secondary adhesion wear allows to 
decrease the complexity observed in characterizing and quantifying the material adhered onto de tool. 
A brief approach has been presented to characterize and evaluate the surface texture in terms of 2D roughness 
surfaces. Thus, a set of parameters was defined with the aim to evaluate the effects of secondary adhesion wear. 
Based on surface roughness profiles, root mean square (Rq) provides useful information about a generalized 
evolution of the average surface roughness influenced by the turning parameters employed. However, this parameter 
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does not offer enough information about the profile shape. For this reason, turning surface have been described by 
skewness (Rsk) and kurtosis (Rku). 
In the Table 1 has been summarized the behavior observed from the analysis of the results relative to the cutting 
tool wear and surface roughness evaluated. These considerations are only extended to the conditions and range of 
cutting parameters (v, f, d) evaluated. 
Table 1. Summary comparative analysis. Legend; ↑: Increase, ↓: Decrease, :֓ no significant changes 
  Trend 
Built-Up Edge 
Intensity (hBUE) 
Roughness 
average (Rq) 
Skewness (Rsk) 
and kurtosis (Rku) 
Cutting speed 
v (m/min) 
[50;100] when f tested 
increase 
↑ ↑ Rsk ↑ ,  Rku ↓ 
[150;200] ↓ or  ֓ ↑ Rsk ↑ ,  Rku ↓ 
Feed  
F (mm/rev) 
[0,05;0,10] 
when v tested 
increase 
↑ ; v [50;100] 
 ֓
Rsk ↓ ,  Rku ↑  
(large variability)  ֓; v [150;200] 
[0,20;0,30] 
when v tested 
increase 
↑ ; v [50;100] 
↓ or  ֓ Rsk ↑ , Rku ↓  
(low variability)  ֓; v [150;200] 
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